MSUHEP- 110927 



The Flavor Structure of the Three-Site Higgsless Model 

Tomohiro Abe/ R. Sekhar Chivukula,^ Elizabeth H. Simmons,^ and Masaharu Tanabashi^ 

^Institute of Modern Physics and Center for High Energy Physics, Tsinghua University, Beijing 100084, China 
^Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA 
^ Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University, Nagoya 464-8602, Japan 
and Department of Physics, Nagoya University, Nagoya 464-8602, Japan 
(Dated: September 28, 2011) 

We study the flavor structure of the three-site Higgsless model and evaluate the constraints on 
the model arising from flavor physics. We flnd that current data constrain the model to exhibit only 
minimal flavor violation at tree level. Moreover, at the one-loop level, by studying the leading chiral 
logarithmic corrections to chirality-preserving A_F — 1 and AF = 2 processes from new physics in 
the model, we show that the combination of minimal flavor violation and ideal delocalization ensures 
that these flavor-changing effects are sufficiently small that the model remains phenomenologically 
viable. 

I. INTRODUCTION 

Higgsless models [1] of electroweak symmetry breaking provide effective low-energy theories of a strongly-interacting 
symmetry breaking sector [2, 3]. If the fermions in the model are delocalized (i.e. derive electroweak interactions 
from multiple gauge groups), Higgsless models can be consistent with electroweak precision measurements [4-10] even 
at the loop level [11, 12]. The three-site model [11] is the minimal low-energy realization of a Higgsless theory.^ Its 
electroweak sector includes only one SU{2) group beyond the usual SU{2) x U{1) of the standard model, so the gauge 
spectrum includes onl^ one triplet of the extra vector mesons typically present in such theories; these arc the mesons 
(denoted here by W and Z') that are analogous to the p mesons of QCD. The three-site model retains sufficient 
complexity, however, to incorporate interesting physics issues related to fermion masses, electroweak observables, and 
flavor. 

As discussed in [11] and reviewed here, the three-site model generically exhibits non-minimal flavor violation (i.e., 
more than the minimal flavor violation present in the standard model [20, 21]). However, if one assumes that flavor- 
symmetry breaking enters the Lagrangian only through the delocalization parameters of the right-handed fermions 
(e/j/), the three-site model then possesses only minimal flavor violation. Moreover, if one also assumes that the 
(now flavor-universal) delocalization parameter for the left-handed fermions is set to the "ideal" value [10] that 
correlates the fermion wavefunction with the W-boson wavefunction, then the tree-level electroweak phenomenology 
of the three-site model agrees completely with that of the standard model. 

This situation is modified once loop effects arc included. The various parameters in the effective Lagrangian, 
whether flavor-universal or not, will run, so the conditions of ideal delocalization and minimal flavor violation are 
not scale- independent. Rather, one may impose these conditions at the scale of the cutoff of the effective three-site 
theory - the scale of the underlying strong dynamics - and then compute and evaluate corrections to electroweak 
and flavor observables. In fact, the chiral logarithmic corrections to the flavor- universal electroweak parameters aS 
and aT [22-25] in the three-site model were computed in references [26-28]; these are the one-loop contributions 
that dominate in the limit where the masses of the new vector mesons lie far below the cutoff of the effective theory. 
Likewise, the flavor-dependent corrections to the Z ^ bb branching ratio were studied in [12, 29], and the corrections 
to chirality-non-preserving flavor-dependent process 6 — >■ 57 were computed in [30] . 

This paper completes the investigation of the ffavor phenomenology of the three-site model by studying the chiral 
logarithmic corrections to chirality-preserving flavor-changing processes. We begin by reviewing the essential features 
of the model and contrasting its flavor structure with that of the standard model. In particular, we establish the con- 
ditions under which the three-site model exhibits minimal or non-minimal flavor violation. A brief review (with details 
in an Appendix) of experimental constraints on flavor-changing effects demonstrates that the tree-level Lagrangian 
of the three-site model is constrained to a form that, to a good approximation, has only minimal flavor violation; 
in the rest of the paper, we therefore assume the model exhibits only minimal flavor violation. In section IV, we 
calculate the corrections to all chirality preserving AF = 1 operators that arise from the new physics present in the 



^ This theory is in the same class as models of extended electroweak gauge symmetries [13, 14] motivated by models of hidden local 
symmetry [15—19]. In particular the three-site model has the same gauge structure as the "BESS" model of [13], but it is the fermion 
couplings and flavor structure unique to the three-site model [11] that are of particular interest here. 



three-site model. We show that, parametrically, the size of the new three-site corrections to AF = 1 processes are of 
the same order as those in the standard model - but that the corrections numerically amount to only a few percent 
of the standard model contribution. Since no chirality-preserving AF = 1 neutral current standard model amplitudes 
are observable we conclude that, just as in the case of corrections to Z ^ bb, the additional three-site model chiral 
logarithmic contributions are not forbidden, and the three-site model remains viable. In section V, we extend our 
analysis to AF — 2 (meson mixing) processes. We find that the combination of ideal delocalization and minimal flavor 
violation insures that the new contributions to AF = 2 box diagrams in the three-site model are smaller than or of 
order two-loop corrections to these processes in the standard model and hence are not phenomenologically excluded. 
The final section of the paper summarizes our conclusions. 

II. THE THREE-SITE MODEL 
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FIG. 1: The three-site model [11], illustrated using "moose" notation [31]. The solid circles represent SU{2) gauge groups, 
with coupling strengths go and gi, and the dashed circle is a U{1) gauge group with coupling 172. The horizontal lines represent 
SU{2) X SU{2)/SU{2) non-linear sigma model fields, with decay constants /i,2, breaking the adjacent global groups down 
to their diagonal sum. The left-handed fermons, denoted by the lower vertical lines, are located at sites and 1, and the 
right-handed fermions, denoted by the upper vertical lines, at sites 1 and 2. The dashed green lines correspond to Yukawa 
couplings, as described in the text. We will denote go = g, gi = g, g2 = g' and take g ,g' <^ g ■ 

The three-site 5f7(2)o x SU{2)i x U{1)2 model [11] is illustrated (using "moose" notation [31]) in Fig. 1 where, 
as we will see, SU{2)q x U{1)2 is approximately the SU{2)l x U{1)y of the electroweak interactions, SU{2)i is a 
new "hidden" gauge-symmetry [13, 15, 16, 18], and the U{1)2 is embedded as the ct'^- component of an SU {2)2 global 
symmetry. We will denote the gauge couplings of the three groups by, qq = g, gi= g, and g2 = g' respectively.^ The 
nonlinear sigma-model and gauge-theory kinetic-energy terms in this model are given by 

^ = E (d'^Id,^^) - \i^oy - - \bi^, (i) 

1=1,2 

where Ei and E2 are SU{2) x SU{2)/SU{2) sigma-model fields parameterized by 

Er,2 = exp (^) , (2) 

where ■ki-2 = ttJ 20'°/2, and where Wq \ and B^^" are, respectively, the field-strength tensors of the S'C/(2)o,i and C/(l)2 
gauge-groups with corresponding gauge-fields Wq^ and B^^. 
The sigma-model fields transform as 

El ^ C/o El U\ , E2 ^ C/i E2 ul , (3) 

under the SU{2)o x SU {2)i x SU {2)2 global symmetries, and hence the covariant derivatives above are given by 

i^^Ei = a^Ei ~ z5M/o°p ySi + I'gWi^J^i'^ , (4) 

d^j:2 - 9mS2 - i~gW,^^Y^2 + ig' 3^1:2'^ ■ (5) 



Here g and g' are chosen because, as we will see, these groups are approximately the SU(2)yY X U{1)y of the standard model. 
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Here /i,2 are the /-constants, the analogs of in QCD, associated with the two SU{2) x SU{2)/SU{2) nonUnear 
sigma-models, and they satisfy the relation 

= 1 = ^ + -1 « (250GeV)2 " 

In [11], for simplicity and to maximize the range of validity of this low-energy effective theory, we took /i = /2 = V^v; 
in this work, in order to identify the origin of various one-loop effects, we will leave /i,2 arbitrary, subject to the 
constraint in Eq. (6) above. 

In unitary gauge. Si = S2 = 2^, and the non-linear sigma model kinetic terms yield vector-boson mass matrices. 
We will work in the limit g, g' <C g, or equivalently 

x = g/g^l. (7) 

We will also define an angle 9 

g' _ sin 6* 



g cos 9 ' 



(8) 



which will equal the usual weak mixing angle up to corrections of order x^. In the small x limit, we find the charged- 
boson masses 

m2. = ^ + ..., M^, = ^'^^' + ^^'^ +... , (9) 

where the mass eigenstates are of the form [13] 

K = ^ot + JfTJI^^t + ^ (^') ' (10) 

w't = - -f^K + < + ^ (^') • (11) 

Jl "I" J2 

The neutral bosons include a massless photon (A'^), which corresponds to the eigenvector 

^f^='-Wi,+ 'gW!^ + ^B'^ (12) 
= sin 9 W^i^ a; sin 61 W^^^ + cos 9 Bf" + 0{x^) , (13) 
where e is the electromagnetic coupling 

1111 

^ = ^ + ^ + ^ • (1^) 

For small x we also have 

5'--^. (15) 



sin 9 cos 9 

The two other neutral gauge-bosons have masses 



M|= ^.f/ 2, +---- Ml=~^^^^l±^ + ... , (16) 

4 sm 9 cos^ 9 4 

corresponding to the eigenvectors [13] 

Z, = cos9W^^ + ^cos^(/f-/|tan^0) ^3^ _ ^.^^^^ ^ ^ ^^^^ 

/i J 2 

Z', = - J^2Wl + - "^p^B, + 0{x') . (18) 

As described in [11], working in the limit of small x (g ,g' ^ g), we get a phenomenologically-acceptable low-energy 
electroweak model if we identify the light and with the weak bosons, because the extra states W and Z' are 
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much heavier than ordinary electroweak gauge bosons (My^ ^ ^ M^r, ^,). In particular (after including ideal fermion 
delocalization [10]) all tree- level standard model predictions are reproduced up to corrections of order x'^. Note also 
that, in the limit /i — )• oo for fixed v, the gauge boson mass eigenstates of the three-site model reduce^ to those of 
the standard model with the identification of SU{2)q x f/(l)2 with SU{2)l x U{1)y- 

The three-site model also incorporates the ordinary quarks and Icptons, and requires the presence of additional 
heavy vectorial SU(2)i fermions that mirror the light fermions. These heavy Dirac fermions are the analogs of 
the lowest Kaluza-Klein (KK) fermion modes which would be present in an extra-dimensional theory. The quark 
"Yukawa" sector of the three-site model illustrated in Fig. 1 is: 

Cr^ass = I^im,,« - g^^W^^ - + h.c. , (19) 

where the quark fields q^^\ I^l^rj "^^r^ '^^^ '^^r ^^'^ three-component vectors in flavor space, rpi, M, and rn2M.2d are 
3x3 matrices in flavor space, and the summation over flavor and gauge indices is implicit. The transformation 
properties of the quarks under the global SU{2)o x SU {2)i x SU {2)2 symmetries are given by 

(20) 
(21) 

(22) 

The SU{2)o x SU {2)i properties of the quarks follow from the assignments above; the hypercharge properties are 
fixed by insuring the correct values of the electric charges, and hence under U{1)2 we require that the q'^'' and 

fields carry charge 1/6, while the u)j and d)^ carry charges -1-2/3 and —1/3 respectively. 

We will work in the limit where the eigenvalues'* of M are much greater than those for tpi and rn2u,d and where the 
heavy fermions are essentially the q^^"* doublets with mass-squareds given approximately by the eigenvalues of MM^. In 
this limit the matrix ei, = tpi • controls the "delocalization" of the left-handed fermions, i.e. the degree to which 
the light left-handed mass eigenstatc fields are admixtures of fermions at the first two sites In [11], it was assumed 
that M and tpi were flavor-diagonal, so that cl was likewise proportional to the identity in flavor-space. Furthermore, 
it was shown that the proportionality constant could be adjusted (a process called "ideal fermion delocalization") 
to eliminate potentially dangerous tree- level contributions to the electroweak parameter aS [4-10]. In this work, we 
confirm that the precision electroweak and flavor data directly constrain €l to be flavor universal and close to the ideal 
delocalization form. Therefore we will take to be flavor-universal, at tree-level in the three-site model, so that all 
of the flavor-breaking is encoded in the values of Yukawa couplings to the right-handed fermions. As we show below, 
in this limit the three-site model at tree-level has precisely the same flavor structure as the standard model: all of the 
tree-level couplings of the left-handed fermions to the gauge bosons are flavor-diagonal and equal, and flavor-changing 
neutral currents are suppressed [11]. 

Limits on the WWZ coupling imply that the W and Z' bosons must be heavier than about 400 GeV, while limits 
on the miitarity of WlWl scattering show they must be lighter than about 1 TeV [10]. On the other hand, limits on 
aT imply that the heavy fermions must have masses greater than about 2 TeV [11]. 




III. FLAVOR SYMMETRIES AND STRUCTURE 



In this section we consider the tree-level flavor structure of the three-site model. We begin with a review of the flavor 
symmetries of the standard model and generalize to the three-site model. Then, we consider the effective Lagrangian 
that results from "integrating out" the heavy fermions and analyze the tree-level gauge-couplings. 



^ While the particular expressions for the W and Z mass eigenstates in Eqs. (10) and (17) were calculated perturbatively for x « 1, 
the reduction of the extended electroweak gauge to its standard model counterpart in the limit (with fixed v) is a more general 

result that follows directly from the decoupling theorem [32]. 

^ More properly, the eigenvalues of MMt are much greater than those of mirn| or rn2u^drr2u d- 



4 



A. GIM Flavor Symmetries of the standcird model 



Before proceeding to discuss the flavor structure of the three-site model in detail, we first briefly review the flavor 
structure of the Yukawa sector of the standard model 

i^Yuk = -qLiXd'fidRj - qLiX'^<puRj + h.c. (23) 

Here the qli, urj, and dnj fields are the three flavors of left-handed quarks, and right-handed up- and down- type 

quarks respectively, i and j are flavor indices, and X^J ^ arc the Yukawa-coupling matrices for down- and up-quarks. 

In the standard model, these Yukawa terms are the only interactions that distinguish among flavors. The gauge 
interactions respect an SU{3)l x SU('3)uR x SU{3)dR global symmetry. The Yukawa couplings A„_d can then be 
treated as "spurious", and they can be classified by their transformation properties under these symmetries [20]. In 
particular, the standard model would be invariant under an arbitrary global fiavor symmetry transformation if the 
Yukawa couplings transformed as follows 

A„ ^ LX^Ri Xd ^ LXdRl ' (24) 

so that Xud transformed, respectively, as elements of the (3,3,1) and (3,1,3) representations under SU{3)l x 

SU{3)uR xSU{3)dR. 

The SU{3)l x SUC3)uR x SU{3)dR symmetries are suflScient to diagonalize either Xu or A^- Therefore, there can 
be no tree-level flavor-changing neutral currents: we can always choose to work in a basis in which A^ (for example) 
is diagonal, and in this basis the Z-boson will not connect quarks from different generations. In other words, the 
SU{3)l X SU{3)uR. X SU{3)dR global symmetry imdcrlies the GIM mechanism [33]. The same, of course, is not true 
of the charged weak currents: the mismatch in the L transformations required to diagonalize the A^ and A^ couplings 
results in the CKM matrix [34, 35]. In addition, to the extent that the Xu,d are small parameters, flavor- violating 
effects are suppressed by various powers of these couplings. The flavor transformation properties of the amplitudes 
that give rise to these flavor-violating effects can be used to understand the structure and order of magnitude of the 
leading standard model contributions.^ 

The same reasoning can be extended beyond the standard model as well: by classifying the flavor-transformation 
properties of the new interactions, one can understand the structure and order of magnitude of flavor-violating 
processes in these new theories. From a symmetry point of view, the minimal amount of fiavor violation in any theory 
is that which exists in the standard model [20]. In particular, the quark sector of any theory must include "spurious" 
that transform as (3, 3, 1) and (3, 1. 3) under SU(3)l x SU{3)uR. x SU{3)dji to account for the observed quark masses. 
This idea has been termed "Minimal Flavor Violation" [21]. Any new interactions in the model should, otherwise, be 
as flavor-symmetric as possible in order to avoid generating large flavor-changing neutral currents. 



B. Flavor Structure of the Three-Site Model at Tree Level 



We now examine the flavor structure of the three-site model. We begin by defining the global symmetry group 
SU{3)l X SU{3)ld X SU{3)Rn x SU{3)ur x SU{3)dR under which the fields transform as: 

gf^L.gf (25) 

qR Rd- Qr 
ng' ^ R^ ■ ng' 
d'^R^ ^ Rd ■ df , 

where L, Lb, Rd, Ru, and Rd are arbitrary elements of SU{3)l, SU{3)ld, SU{3)rd, SU{3)ur, and SU{3)dR 
respectively. These symmetries are broken by the interactions in Eq. (19), and the various masses are "spurious" - in 



One subtlety in this type of reasoning is wortii emphasizing: sometimes, in cases that correspond to "long-distance" effects, some of the 
dependence on the quark masses is non-analytic. This explains, for example, why the "box diagram" contributions to AS = 2 processes 
in the standard model appear to be suppressed only by two powers of quark masses instead of the four powers one would expect on the 
basis of flavor symmetries - two powers of quark mass appear in the denominator after loop integration, canceling two in the numerator 
that are there due to the flavor and chiral structure. 
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particular, the theory would be invariant under SU(3)l x SU{3)ld x SU{3)iid x SU{3)uR x SU{3)dii transformations 
if the mass-parameters were simultaneously changed as follows: 



M 

<V2d 



L ■ rpi ■ FV^ 

Ld ■ rn2M • R\ 
Ld ■ rr\2d ■ R], 



(26) 



Of course the mass matrices in Eq. (19) are fixed, and do not transform - so their presence breaks the flavor 
symmetries. In general, without any further assumptions about the structure of these masses, one could go to a basis 

where rpi and cither or m2d arc diagonal - but one would not have freedom to diagonalizc cither rn2 or M. This 
shows, as expected, that without further assumptions about the masses the three-site model has non-minimal flavor 
violation. 

Combining the left- and right-handed quarks into twelve-component vectors (suppressing flavor indices) 



(0) 



7(0) 



V 



7(1) 



Qr 



} 



(2) 



\ 



- j(i) 



(27) 



the 12 X 12 mass matrix for the quark sector may be written (each block is 6 x 6) 

/ I]i(8)mi\ 

M = 



V 



m2u 
m2d 



t-2x2 ' 



M 



(28) 
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where we include the factors of £1,2 so as to maintain the SU{2)o x SU{2)i x SU(2)2 global symmetry and, hence, 
an SU{2)q x SU{2)i x U{1)2 gauge invariance. In the limit in which the eigenvalues of M are larger than those of mi, 
'P2u, or m2d, this matrix has the usual "seesaw" form. It is convenient to define the 3x3 fiavor-space matrices 



^Ru 



^Rd = tL 



•(Mt) ^^R^.eRi 



R 



D ' 
D ' 



(29) 
(30) 
(31) 



which, from Eq. (25), have the flavor transformation properties indicated. The elements of these matrices are, in the 
seesaw limit, small quantities. Diagonalizing A4A4^ and A4^A4, we find the light and heavy mass eigenstate fields q 
and Q, whose components are approximately related to the gaugc-eigenstate fields by^ 



Ql + cI^Ul , 



(32) 
(33) 



and 



(2) 

1r 



Qr ^ 
Qr 



£Rm 
ejid 
-t 

-Ru 





^Iqr 



^Rd. 



Qr ■ 



(34) 
(35) 



Here, for convenience, we have chosen fields ql, qr, and Ql,r to transform under the SU{2)o, SU{2)2, and SU{2)i 
global symmetry groups respectively. 



The sign convention of the fields was chosen to agree with [11]. 
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To investigate flavor phenomenology in the three-site model wc may "integrate out" the heavy Dirac Fermions Q 
at tree-level. Keeping terms with two factors of the small e matrices, this corresponds to inserting Eqs. (32) - (35) 
into the fermion three-site model Lagrangian, and setting the heavy fields (3 = 0. Doing so, we obtain: 



Ceff = QLilpqL + URtpUR + dRlpdR 

7^Ei(z7?^sl 







-Rd 



Ur 

dR 



QR 



eRu 

CRd 



Ru 





h.c. 



^Rd. 



(36) 



QR 



Here we have neglected terms that result purely in wavefunction renormalization of the fermion fields, and terms 
of 0{e^). An important check on this result is that all of the terms in Eq. (36) arc invariant under an arbitrary 
SU{3)l X SU{3)ld X SU{3)rd x SU{3)uR x SU{3)dR transformation, Eq. (25), combined with the spurion parameter 
change in Eq. (26). We emphasize that Eq. (36) is entirely basis independent - and therefore any results derived 
from it are parameterization and phase independent as well. 

The last term on the first line of Eq. (36) yields the up- and down-quark masses 



Mu = clMc^ru L-Mu-RI 



Md = clMc^ru L-Mu-R, 



t 

d ' 



(37) 
(38) 



which transform precisely as the Yukawa couplings in the standard model, Eq. (24). Without loss of generality, we 
may write the most general quark mass matrices as 



for up-quarks, and 



Mu = A„A„pt ^ 



Md = AdAdPj 



(39) 



(40) 



for down-quarks. Here A^^d are the diagonal up- and down-quark mass matrices, with all masses positive, and Au,d 
and Pu.d arc arbitrary unitary matrices.'^ Just as in the standard model the SU{3)l x SU{3)uR x SU{3)dR subgroup 
of the three-site flavor symmetry group is sufiicient to diagonalize either the mass matrix of the up- or down-type 
quarks, but not both simultaneously. In a basis in which the down-quark masses are diagonal, from Eq. (26), we have 



Md = Ad 

Mu = (A];A„)A„ 



CKM^-u. ' 



A„ 



(41) 
(42) 



where Vqkm is the usual quark- mixing matrix. Note also that the field S1E2 in the last term of the flrst line of Eq. 
(36) contains precisely the unphysical Goldstone boson ttw corresponding to the light W gauge-boson. 

The presence of the additional terms in the second line of Eq. (36), involving cl, cru, and CRd, implies that the 
three-site model generically includes non-minimal flavor violation. To miminize the amount of flavor violation in the 
model, as discussed in [11], we will assume^ that both rpi and M are flavor-universal, and proportional to the identity 
matrix 



M = M.J3x3 

rpi = mi -13x3 



(43) 

(44) 



except where explicitly stated otherwise. If tpi, M oc Xsxs then, from Eqs. (29 - 31) and in the basis in which Md is 
diagonal. 



^Ru ^CKM^u 

CRd (X Ad . 



(45) 
(46) 
(47) 



^ Here and throughout this note we assume the freedom to make arbitrary phase redefinitions of the quark fields. In principle, due to the 

axial anomaly, these redefinitions will be accompanied by a change in the QCD 8 parameter. 
^ This situation is similar to the assumed flavor-universality of soft SUSY breaking masses in supersymmetric extensions of the standard 

model. 
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Here we see explicitly that all flavor-violation is precisely of a form determined by the quark-mass matrices, as 
expected in a minimally flavor-violating theory. This assumption is also directly supported by constraints from 
precision electroweak data, and data on flavor violation in the charged-lepton and quark sectors, as we will summarize 
in section III D and explain in the Appendix. 

C. Gauge-Boson Couplings at Tree-Level 

The light quark fields qL, ur and da in the effective Lagrangian of Eq. (36) couple only to the SU{2)q x U{1)2 
gauge-eigenstate fields 



da 



,Bi, 



D„ 



ur 
dR 



Ur 

dR 



(48) 
(49) 



Using Eqs. (10 - 11) and (17 - 18), the fermion kinetic energy terms give the conventional couplings of the light W 
and Z bosons to the quarks. From Eqs. (41 - 42), we see that these interactions have the same flavor structure as 
in the standard model. The fermion kinetic energy terms also give rise to couplings of the light quarks to the heavy 
gauge bosons 



V2f!+fr 



gxfl cr^ g'xfi 

fi + fi 2 ^ ff + fi 



(50) 



where the a^'^ and Y encode the SU{2) x U{1)y quantum numbers of the quark. As expected for minimal flavor 
violation, there are no tree-level flavor-changing neutral currents and the charged-current flavor structure is determined 
by the CKM mixing matrix. 

In addition, the terms on the second line Eq. (36) give rise to additional tree-level couplings to the gauge-bosons. 
In unitary gauge, we see that these terms give rise to terms involving the neutral and charged gauge-bosons 



t _ 



_2 h M/± 

V2 f?+fi '^V 



g 

V2 



eflST(zi^^E2)4 ^ eR gW^^— - g'B^ 



where, for convenience, we have defined 



R ' 



a 

a = ± 
a = 3 



± 
3 



eRd 



(51) 



(52) 



(53) 



Using Eqs. (45 47) we again sec that there are no flavor-changing neutral currents at tree-level, and that the 
strengths of charged-current processes are proportional to the CKM matrix. Comparing Eqs. (51) and (48), we see 
that the light-fermion portions of the SU{2) currents to which the W and Z bosons couple are 



Ql , 



(54) 



consistent with equation (27) of [29].^ 

Combining the terms in Eq. (51) with those in Eq. (50), we see that the W couplings to light fermions are 
proportional to 



9^Le{ - 



fl + fi 



(55) 



Note here, again, that in the limit /i — > oo and with v fixed the three-site model reduces to the standard model — in this case for the 
light fermion couplings as well. 
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Hence, if cl is flavor-universal and satisfies 



^Lel = ^^^-I + 0{x'') (56) 

Jl "T J2 

the couplings of the light fermions to the W'^ vanish, along with the T"^ coupling of the Z'^. Defining 

2 J-2 f2 Aj2 

) - -72—72 - 7a Ji2- ' vo»j 



wc sec that eJ^EL = (e^^'^')^ . X is equivalent to the "ideal fcrmion dclocalization" condition of rcf. [10]. As we 
demonstrate in the Appendix, this amount of dclocalization insures the equality of the tree-level three-site model 
couplings to those of the standard model, up to corrections of order [10] and the absence of large tree-level 
corrections to precision electrowcak measurements [4 11]. The terms in equation (52) can, however, yield small, and 
potentially fiavor-dependent, right-handed [8, 11] W^-couplings proportional to the product of the masses of the quarks 
involved. 



D. Experimental constraints on 



As stated earlier, assuming is proportional to the identity matrix minimizes the amount of flavor violation 
in the model and assuming the proportionality constant comes from (equation (57) minimizes the size of precision 
electroweak corrections. Here, we note that precision electroweak measurements and bounds on flavor- violation in the 
charged-lepton and quark sectors speciflcally constrain to take this same "ideal delocalization" form. 

Starting with the quark sector, we adopt the basis in which the down-quark mass matrix is diagonal. Then the 
elements of (clc^) = 77 potentially induce flavor-dependent Z and Z' couplings to quarks. In other words, we are 
interested in the degree to which experiment allows this matrix to depart from the form in equation (57), where 

each diagonal element has the value (£«?*««') 2 = i^^lw. ^nd the off-diagonal elements simply vanish. As detailed 

w' 

in the Appendix, data on flavor-changing neutral currents in the B-mcson, Kaon, and D-mcson systems and Z-po\e 
measurements of the rate at which the Z decays to heavy quarks, as opposed to all hadrons, require at 90%CL that 
(here we bound the absolute value of each matrix element) 



\400 GeVy 



/ 0.30 0.0060^ 0.0285^ 

Jl Jl 

0.0060^ 0.30 0.202^ | , (59) 

^ 0.0285#^ 0.202#^ 0.09 

subject to the further constraint that the first two diagonal elements must be nearly identical 

|,„-«.|<2.6Ixl0-»(-|-)=0^0323(4"f (5i^)^(f ) ^ (60) 

In other words, experiment essentially constrains 77 to be of the form shown in (57). 

Analogously, in the charged-lepton sector, we adopt the basis in which the charged lepton mass matrix is diagonal 
and ignore neutrino masses. Then the elements of {eL€^^)iepton = potentially induce flavor-dependent Z and Z' 
couplings to the charged Icptons. Again, we are interested in the degree to which experiment allows this matrix to 
depart from the form in equation (57). LEPEWWG bounds on the Z boson's decay rates into charged leptons and on 
Z-pole leptonic charge asymmetries, as well as searches for the flavor-violating decays //, 3e, r efifi and r — )• nee, 
combine to require at 90%CL that (again, we bound the absolute value of each matrix element) 

/ M \2 / "^-^^e 0.00013 0.034 
\^^_^^aeaiY.x\<{eT'^if[—^\ 0.00013 0.075 0.036 | (61) 

V4uu«^ev/ ^ QQ34 QQ3g 

so that the matrix must have the form of (57). Again, details are given in the Appendix. 
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dLj dLj 




FIG. 2: Vertex diagrams contributing to the processes Z — > didj and Z' — > didj. Each diagram is summed over the internal Uk 
and Uk flavors. Due to ideal delocalization, the vertices connecting the heavy W' boson to light ud quark pairs are absent. 




FIG. 3: Wavefunction renormalization diagrams which must be included in the Z didj computation. The analogous Z' 
contributions are suppressed, relative to the leading vertex contributions. 

IV. AF = 1 PROCESSES AT ONE LOOP 

If tpi and M are assumed to be flavor-diagonal and the ratio e/, is chosen to yield ideal delocalization, then tree- 
level three-site model electroweak phenomenology agrees with the standard model. The situation is modified at the 
loop level, however. The effective Lagrangian parameters rpi, M, and rn2u.2rf run in the usual way, and therefore the 
conditions of ideal delocalization and minimal flavor violation are not scale-independent. Rather, we may impose 
these conditions at the scale of the cutoff A of the effective three-site theory and then compute the chiral-logarithmic 
corrections to obscrvablcs at accessible energy scales. 

In this section, we consider the three-site corrections to all chirality preserving AF — 1 operators, and review the 
results of [30] on the chirality non-preserving process b sj. We show that, parametrically, the sizes of the new 
three-site corrections to AF = 1 processes are of the same order as those in the standard model - but that the 
corrections numerically amount to only a few % of the standard model contribution. We conclude that, just as in the 
case of corrections to Z — > bb, the additional three-site model chiral logarithmic; contributions are not forbidden, and 
the three-site model is consistent with data. In the next section we extend our analysis to AF = 2 (meson mixing) 
processes. 

A. Z^ ff 

We begin with the calculation of the new contributions to the process Z — >■ //' in the three-site model. All 
contributions in the three-site model are shown in Fig. 2, though those involving only light particles {i.e., those not 
involving either the heavy W or Z' gauge bosons, or the heavy quarks) just reproduce the standard model results. In 
addition, one must properly account for the wavefunction corrections illustrated in Fig. 3. We have performed these 
calculations in 't-Hooft-Feynman gauge in the three-site model (the appropriate Feynman rules can be extracted from 
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references [27, 30]), but the result is easily understood in terms of the effective Lagrangian/renormalization group 
calculation of the flavor non-universal contributions to the Z — > 56 branching ratio discussed in [29] . 

Applying the results of [29], we see that the dominant one- loop effect in Z ^ //' is the flavor-dependent running 
of the effective Lagrangian parameter M from the cutoff, A (where ideal delocalization and minimal flavor violation 
are imposed on the effective Lagrangian parameters) to the scale of the heavy fermion masses. This effect is due 
to wavefunction renormalization of the site-1 fermion fields q^l\ Fig. 4. Generalizing the calculations of [29], this 
wavefunction renormalization results in the running of the parameter ej^e^ 

4M)=-(^[^''^"+^^^^] ' ^''^ 

where Mu.d are the mass matrices of the light up- and down-quarks. We see that the flavor transformation properties 
(Eq. (26)) of the left- and right-hand sides of this equation match. Note also that the (dominant) contribution illus- 
trated in Fig. 4 arises from the unphysical Nambu-Goldstone boson, 772, of Eq. (2), whose couplings are proportional 
to the flavor-dependent parameters vr\2u.2d and inversely proportional to f2- 

Below the scale of the heavy quark masses, this running ceases. Furthermore, there is a cancellation between the 
vertex and wavefunction diagrams of Figs. 2 and 3 because the SU (2)o global symmetry to which the Z is largely 
coupled, is conserved (up to corrections suppressed by clcctroweak couplings). Denoting the scale of the heavy fermion 
masses by M, c.f. Eq. (43), we see that the chiral-logarithmic correction to the parameter e^e^ is given by 

2 



^(^^4) = 7OT2 \MuMi + MaMl] log A_ . (63) 



As usual, from Eqs. (41 - 42), the first term gives rise to flavor-changing down quark couplings while the second to 
flavor-changing up quark couplings. In the case of s and d quarks, for example, from Eq. (54) we see that the running 
from the cutoff A to the scale M of the heavy quark masses yields the flavor-changing Z-boson coupling 

Wjj3-«ite- 2(4^)2 sin cos ^V^(/f + /|)2'''W2 ' 

where we have used Eq. (6) to relate the result to v. The formulae for the other quarks is similar, with the appropriate 

replacements dictated by the form of A(eie|^) and A4u,d- 

By comparison, the corresponding standard model result [36] is 

(„z ^ _ e V- V:dmlA{mu,Mw)Vus ...^ 

ds' {An )^ sm 0w COS 9w 



where 



A{mu, Mw) - — t::::^ — ^^^^ — log ( -jjt- ) + -z:::^ — ^72- > (66) 

(67) 



1 mu'> Mw 

21og^+6 m„<Mw. 



Comparing Eqs. (64) and (65), we see that the new three-site model contributions are, at most, a small fraction of 
the corresponding (electroweak penguin) standard model result. Since the standard model itself yields Z-penguin 
amplitudes too small to be unambiguously observed to date, either at the Z-pole or in meson decays, these chiral 
logarithmic corrections arising from the three-site model are consistent with experiment. 

B. Z' ^ //' 

Next, for completeness, we consider flavor changing couplings of the heavy Z' at one-loop. The form and size of 
these couplings illustrate the principles of minimal flavor violation and effective field theory we have discussed in the 
previous section. However, in practice, these couplings are of little phenomenological consequence: because of ideal 
delocalization, Eq. (56), the only couplings to light fermions are the small hypercharge-related terms in Eq. (50). 
Therefore, these couplings cannot appreciably contribute to processes such as Bg^d 1^^ ■ 
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FIG. 4: Wavefunction renormalization that results in the flavor-dependent running of the parameter e_L in the efi^cctivc theory 
vahd in the energy range below the cutoff scale and above the masses of the heavy fermions. This running yields the renor- 
malization group equation (62). Note that that the q^j^^ and are the site 1 and 2 gauge-eigenstate fermion fields of 
Eq. (1). In 't-Hooft-Fcynman gauge, the leading contribution comes from 772, the unphysical Nambu-Goldstone Boson in the 
non-linear sigma model field E2 of Eq. (2). 




FIG. 5: Z' flavor-changing vortex renormalization arising in the effective theory valid in the energy range below the scale of 
the heavy fermions and above the weak boson scale Mw. In 't-Hooft-Feynman gauge the leading contribution comes from 
the nw field, the unphysical Goldstone boson eaten by the mass-eigenstate M^-boson. The nw fields couple proportional to the 
quark masses, as shown in the effective Lagrangian of Eq. (36) and as required by the usual electroweak Ward identities. 



Calculating the diagrams shown in Figs. 2 and 3, we find the leading flavor-changing contributions 

where, for illustration, we have considered the sd coupling; the generalization to other quark flavors is dictated by 
the minimal flavor-violating structure. The origin of the two terms in Eq. (68) is rather difl'ercnt. The first term 
(proportional to log(A^/M^)) exhibits how the running of cl in Eq. (63) affects the Z' couplings shown in Eq. (51). 
The second term, as indicated by the presence of log(M^/m^), arises in the effective theory between the scale of the 
heavy fermions (M) and the quark mass (here we assume m„ = ^ Mw) in the loop shown in Fig. 5. 

In the end, we conclude that there are no phenomenologically significant flavor-changing effects in Z' couplings at 
this order. As noted above, ideal delocalization eliminates any tree-level flavor-diagonal Z' coupling to light fermions, 
While the presence of the large coupling g in the one-loop result of Eq. (68) is tantalizing, that enhancement is 
cancelled in any low-energy process by the suppression from inverse powers of the Z' mass. Hence, there are no 
appreciable Z'-exchange contribution to AF = 1 processes. In principle, Z'-exchange contributions to AF = 2 
processes are possible - but these are two-loop effects which are substantially smaller than the one-loop standard 
model "box-diagram" contributions, as we will discuss in Section V. 



(68) 



C. 6 S7 



In the subsections above, we have focused on flavor-changing couplings of the Z and Z' bosons. Notably, we saw 
that the minimal flavor violation of the three-site model implies that the leading new-physics effects are conflned 

to the left-handed sector, just as in the standard model. In contrast, gauge invariance and minimal coupling in- 
sure that the chirality preserving couplings of the photon are flavor-diagonal. Instead, the leading operator for the 
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phenomenologically relevant radiative decay b ^ has the form [37] 



4G'FA(TOt,Mvi/) , / e r- t^u. ^J. \ /RON 

^eff = -7^ Vt.Vtb i^j^iribisLcr'' hR)F^^ j , (69) 



where, to leading order in the standard model [36] 



N 3a;3-2a;2 -x^ + bx^ + 2x ,,,, 

M^uM^) = ^^;^los.+ 3(^„^)3 ; (70) 



New contributions to this process arise in the three-site model from the presence of right-handed couplings of the 
W to 6-quarks (see Eq. (52) and [11]), as well as from the presence of new heavy particles in the loop. These 
contributions have been studied in detail in [30], for the special case /i = /2 = V^v. Their results show that the new 
contributions are only of order 10% of the standard model contribution for the preferred range of e^t < 0.3 [11], and 
that including the contributions from the three-site model tends to improve the consistency with the experimental 
results. Varying away from the point /i = /2 will increase the masses of the additional particles, decreasing the size 
of the new three-site corrections. At the very least, the three-site model's prediction for the rate of 6 57 will be as 
consistent with experimental data as that of the standard model. 



V. AF = 2 PROCESSES AT ONE LOOP 



In this section, we extend the analysis of the previous section to study the chiral- logarithmically enhanced corrections 
to AF = 2 processes in the three-site model. We show that the combination of minimal flavor violation and ideal 
fermion delocalization ensures that both the one-loop corrections from AF = 2 box diagrams and the two-loop 
corrections from AF — 1 vertices are small compared to similar corrections in the standard model. 

The contributions to AF = 2 processes in the three-site model are shown in Fig. 6. The contribution from the 
first diagram corresponds to those in the standard model. Since the couplings of the W in the three-site model agree 
with their standard model counterparts up to corrections 0{x'^) ~ lO"'^, this diagram essentially reproduces the 
standard model contribution. In particular, GIM cancellations imply that all contributions involving light fermions 
are suppressed by /oitr powers of the light up-quark masses. Furthermore, because of ideal delocalization, the diagrams 
shown in Fig. 7 are absent. The absence of the first (upper left-most) diagram insures that there are no new "long- 
distance" contributions in the three-site model, nor other new contributions depending on light quark masses but not 
heavy KK quark masses. 

Returning to Fig. 6, we recall that M and rpi are flavor-diagonal at tree- level, and that the masses of the heavy KK 
fermions are approximately degenerate - with deviations proportional to the corresponding light fermion masses [11]. 
Hence GIM cancellation in the heavy fermion sector implies that contributions from the last three diagrams in Fig. 6 
are suppressed by to^/M^ ^ 0(10"'^), where rUq is a mass of a light quark and M is the mass of the KK fermions. To 
summarize, the combination of ideal delocalization and minimal flavor violation insure that the new contributions to 
AF = 2 box diagrams in the three-site model are smaller than or of order two-loop corrections to the same AF = 2 
processes in the standard model - and hence are not phenomenologically excluded. 

These points can be illustrated in more detail by considering the leading, chiral-logarithmically enhanced, three- 
site box diagram contributions, which arise from the second and third diagrams in Fig. 6. These contributions 
can be described in effective field theory as follows. The rotations defining the left-handed fermion mass cigenstate 
fields, Eq. (32), are, to leading order, proportional to and therefore flavor-diagonal. The largest flavor non-diagonal 




FIG. 6: Diagrams that give dominant contributions to AF = 2 processes. The single lines and the double lines represent the 
standard model and KK fermions, respectively. Because of ideal delocalization, the W boson does not couple to two light 
fermions - and therefore only contributes in diagrams involving two heavy intermediate states. The first diagram, including 
only light standard model states, receives non-standard contributions in the three-site model only to the extent that the weak 
gauge couplings differ from their standard model equivalents at 0{x'''). 
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FIG. 7: Diagrams that are absent from the calculation of AF = 2 processes in the three-site model, due to ideal delocalization. 
The single and double lines represent standard model and KK fermions respectively. As described in the text, the combination 
of ideal delocalization and minimal flavor violation implies that all AF = 2 effects are suppressed by (m/M)^, where m and 
M are the masses of the standard model and KK fermions respectively. 



di «i 4 ; 4 4 dL 



r ^ Trw\ri 

dL ■* ' ■* SL dL ' 



FIG. 8: Diagrams that yield the chiral logarithmically-enhanced three-site model corrections to AS' = 2 processes in the effective 
theory, Eq. (36), including the flavor non-universal corrections to th shown in Eq. (71), . Here -kw are the 't-Hooft-Feynman 
gauge unphysical Goldstone Bosons eaten by the W boson. As discussed in the text, though enhanced by log(M^/M^), all 
new three-site contributions are even more deeply suppressed by /M^ . 



contributions, which can be obtained by diagonaHzing M.'^M. to higher order (with M. defined in Eq. (28)), correspond 
to modifying^° cl 

SiEi^Siei- (l-MEa^EflElM-i) . (71) 

Note that these corrections axe consistent with the spurion transformations of Eq. (26). Plugging this correction into 
the left-handed couplings on the second line of Eq. (36) yields, in 't-Hooft-Feynman gauge, flavor-changing couplings 
between the left-handed mass-cigenstate quarks and the Goldstone bosons eaten by the W boson. These flavor- 
changing couplings are proportional to (eiCgij)-^ = (m^/M)^, and the overall result (summing over all intermediate 
heavy-quark flavors) must include the appropriate CKM mixing matrix elements. 

The chiral-logarithmically enhanced three-site box contributions correspond, in the effective theory with heavy 
KK quarks integrated out, to the diagrams illustrated in Fig. 8 (here shown for AS* = 2 processes). Viewing these 
diagrams as a contribution to the effective operator 

= C],{sLrdL){sLl^.dL) , (72) 

we obtain the leading three-site contribution 

{^k) three-site (4^)2 IZ^ ^2 I ^2^ " ^'•') 



There is an analogous shift to en proportional to e^e/, — however, since e/, is flavor-diagonal at tree-level, these corrections are 
flavor-universal. 
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Note that this expression exhibits the specific features described above: (a) suppression by four powers of hght fermion 
masses, (b) as consistent with flavor symmetry, light fermion masses appearing in combination with the visual products 
of CKM angles, (c) suppression by the heavy KK fermion masses M, and (d) logarithmic enhancement corresponding 
to "running" from M to the W mass. The generalization^^ to other AF = 2 processes is straightforward, as determined 
by flavor symmetry. 

Finally, as shown in the previous section, there are no anomalously large /S.F = 1 corrections at the one-loop level 
in the three-site model - hence, combinations of these AF = 1 contributions produce very small AF = 2 amplitudes. 
We conclude that, due to ideal delocalization and minimal flavor violation, there are no large corrections to AF = 2 
processes in the three-site model. 

VI. CONCLUSIONS 

In this paper we have explored the flavor structure of the three-site model, and the size of new three-site model 

contributions to chirality preserving flavor-changing neutral current processes. We established the conditions under 
which the three-site model exhibits minimal or non-minimal flavor violation, and showed that experimental bounds on 
flavor-changing effects constrain the tree-level Lagrangian of the three-site model to a form exhibiting only minimal 
flavor violation. 

Assuming minimal flavor violation at the scale of the "cutoff", i.e. the scale of the physics underlying the effective 
three-site model, we have computed the chiral logarithmic corrections to chirality-preserving flavor-changing neutral 
current processes. We have shown that the combination of ideal delocalization and minimal flavor violation imply that 
all flavor-changing AF = 1 neutral current processes are parametrically the same size as in the standard model, but 
numerically smaller. In the case of AF = 2 neiitral current processes, the combination of ideal delocalization and min- 
imal flavor violation imply that the three-site model contributions are smaller than or of order the two-loop corrections 
to these processes in the standard model. We conclude, therefore, that the three-site model is phenomenologically 
consistent with experimental data on (chirality preserving) flavor-changing neutral current processes. 
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Appendix A: Experimental constraints on the form of ez. 

In this Appendix, we establish the experimental constraints on the flavor structure of the charged lepton and 
quark sectors of the three-site model. We start by calculating the fermion couplings to the weak gauge bosons in a 
general framework that does not assume ideal fermion delocalization or lepton universality. We then determine the 
bounds placed on the flavor structure by precision electroweak data and studies of flavor-violating processes. The 
results demonstrate that the matrices in the tree-level three-site model Lagrangian that govern the delocalization 
of left-handed quarks (ez,) and left-handed leptons (ez,^) must be fiavor-universal and consistent with ideal fermion 
delocalization. 



1. Electroweak Couplings in the Three-Site Model 

In order to compare the electroweak couplings of the fermions in the three-site model with precision electroweak 
and flavor data, we must first compute the couplings of the fermions to the W- and Z-bosons. Unlike the analysis in 



There are also other terms that are parametrically smaller (e.g. of order x'^) but numerically similar in size to those discussed here; 
since they are also small compared to the standard model contributions, including them would not alter our conclusions. 
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[11], here we will not assume ideal dclocalization: instead, we will compute the couplings for arbitrary values of the 
delocalization parameter for the left-handed fermions, ej^ and the ratio 



Ml 



w 



\Mw' 



(Al) 



In other words, rather than imposing the relation in Eq. (56), we study the degree to which CLel, can deviate from 
that ideal delocalization value (£^eai^2 . j 

To investigate the electroweak phenomenology of our model, we display our results in terms of the charge of the 
electron (14) and the "on-shell" definition of the weak mixing angle [40]: 



cos 9w 



Ml 



(A2) 



Diagonalizing the vector-boson mass matrices, applying the fermion wavefunctions in Eq. (32), and rewriting the 
results in terms of e and sinOw, we find^^ 



9z = 



9w = 



sin 9w cos 6w 
e 



1 



/I 



/I 



Sm Hyy 



1 



/I 



el EL 



4 Si 



f? + fi 



^3, 



V sin^ 0w 



(A3) 
(A4) 



where Tg and are the isospin and charge of fermion species, the couplings are understood to be matrices in 
flavor space, and these expressions hold up to corrections of 0{x'^ ,x'^e\ei,). Note that, as advertised, if e^ej;, = 



deai\2 . 0{x'^), the thrce-site and standard-model predictions agree at tree-level up to this order. Furthermore, 
the deviation of each coupling from their standard model value is proportional to 



(ei 



5gw,z oc 



/I 



M, 



w 



M, 



w 



(4 



( Mv 



w 



(A5) 



where we express the deviation in the delocalization from ideal as a fraction of (e»P^eai^2 have used Eqs. (6) and 
(9) to derive the last expression. 

This form of the three-site couplings allows comparison with the LEPEWWG [40] extraction of the (flavor-diagonal) 
fermion couplings to the Z-boson, which (in our notation) assumes the form 



// 
9z 



sin 6w cos 6w 



(A6) 



where the partial widths and asymmetries for any fermion species are recast as measurements pf and svo? 6^^^^. In 
the three-site model at tree-level, therefore, we flnd 



3— site 



= i_ ( 

\Mw' 
( 



sin 



2 /\S—site 



sm Ow 



1 + 



V 



ff 



M, 



w 



ff 



(A7) 
(A8) 



where 



denotes the appropriate diagonal element of the matrix measuring the deviation o{e\eL from ideal. 

Finally assuming, for the moment, that is flavor- universal (proportional to the identity), we may use the 

techniques of [41] to compute the value of aS from the .Z-boson couplings to the T3 and Y currents 



9sz ■ 9yz = -e 1 



aS 



4 sin 9 cos^ 9 



(A9) 



^'^ These expressions are consistent, to tlie appropriate order in x^, with the form of the SU{2) currents shown in Eq. (54). The form 
appears different because of the difference between sin$, as defined in Eq. (8), and the "on-shell" definition of s'm0\Y- 
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Applying this to the expression in Eq. (A3), we find 

aS = -Asm' Ow ( ^] ^ ■ (AlO) 

When wc study the flavor structure of the quark and lepton sectors, we expect the left-handed delocalization 
parameter for each flavor to have a value close to (ej^*"')^, and we now investigate how large a deviation is allowed 
by experimental data. 



2. The Lepton Sector 



We now consider specific experimental constraints on the lepton flavor structure in the three-site model. By 
analogy with the effective Lagrangian for the quark sector (36), that for the lepton sector of the three-site model may 
be written, defining II = (z^, £^)l, as 



Ceff =eLipiL+iRipiR 



g:) 




+ h.c. 







(All) 



7^I]i(zD^ST) 



-Li 



where CLi and eju are defined in parallel with Eqs. (29, 31). We use a basis where the charged lepton mass matrix 

Me = ewM^elj^ (A12) 
in Eq. (All) is diagonal, and we ignore neutrino masses. We will focus on bounding the elements of the matrix 

r,e = €Lee{^ , (A13) 

which can induce flavor-dependent Z and Z' couplings to the charged leptons. As discussed above and in [11], we 
expect the diagonal elements of this matrix to have values close to eliminate contributions to aS. 



a. Bounds on the diagonal elements of rje 

The LEPEWWG analysis [40] of Z boson couplings to charged leptons constrains the diagonal elements of rj^. First, 
under the assumption of lepton universality, we may bound the amount by which the (presumed identical) diagonal 
elements rim may differ from (e^*^"')^. As mentioned above, the LEPEWWG defines a factor pf to accommodate the 
possibility that physics beyond the standard model shifts the magnitude of the Z boson's coupling to the T3 charge 
of fermion / (see Eq. (A6)). Under the assumption of charged lepton universality, they obtain the experimental limit 
pe = 1.0050 ± 0.0010, and give the standard model prediction as 1.00509lQ QQQg[. Because the deviation of rj/n from 
the ideal delocalization value is proportional to the departure of pe from its value in the standard model (A7), the 
LEPEWWG bound on p^ impUes the following 90% CL bound: 

ideal \2 I { Adeal \ 2 ^ r\ r\o A ( 'ideal \1 \ 



-0.036 (er-')^ ) < " " ^ ^^"^ 1,400^ J ^^^^^ 

Quantitatively similar results follow from the LEPEWWG direct experimental limit on sin^ Q'^f^ ^ and from measure- 
ments of the leptonic asymmetry Ae- We conclude that, in the case of lepton universality, the diagonal elements of 
m must be within a few percent of (e^^"')^. 

Second, we may bound the degree to which the different rim may differ from one another. The LEPEWWG has 
obtained the following bounds on the relative rates at which the Z decays to different flavors of charged leptons [40] : 

r(z ^ p+p-) ^ ^ ^ Y{z -^T^T-) ^ IV ^ ^ ^^^^ 

r(Z-)-e+e-) Pe r(Z-)-e+e-) Fe ^ ' 

and notes that the expected standard model values of these ratios are, respectively, 1.000 and 0.9977. We find that 
these ratios are directly related to the differences between the various diagonal elements of for muons we have 
(defining = sin &) 



<5(r^/re) _ 5F^ 5Fe_(-2 + 



1 _L „2W /£ 



V^e r, (-1 + 5^)2 + (,2)2 



{mil - Vm) (A16) 
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and a similar expression holds for taus. The LEPEWWG limits on the ratios of partial widths thus yield (at 90% CL) 

Using the bounds on the flavor-universal lepton results as indicative of the allowed deviation in the electron couplings 
and combining the uncertainties in in Eqs. (A17) and (A18) in quadrature with those in Eq. (A14), we find that the 
bounds: 

-0.075 (sl'^'^r {^^^)' < rim - {et'-' f < 0.053 {ef^^^ f {^^)' ' (^19) 
-0.12(.«'-')2 (^^^)' < %3 - {ef^'-^r < 0.020 (^^^)' ■ (A20) 

Hence, even without an a priori assumption of lepton universality, the diagonal elements of rje are constrained by the 
data to nearly equal one another. 



b. Bounds on the off-diagonal elements of rje 

We now consider the bounds on the off-diagonal elements rjuj from lepton-flavor-violating processes. These arise 
from flavor-changing left-handed neutral-boson couplings contained in the second line of Eq. (All). Having diago- 

nalized the chargcd-lcpton mass matrix A^£, the Hcrmitian flavor matrix rjf in Eq. (A13) is fixed""^^ and, in general, 
contains off-diagonal elements. In unitary gauge, the gauge-operator in Eq. (All) becomes 

sl(£>^Ei) ^ {gWS^ --gW^^)^ , (A21) 

where go.i and Wo,i are the gauge-eigenstate SU{2)o x SU {2)i fields in the three-site model in Fig. 1. We may 
re-write the combination of neutral gauge-eigenstate fields into mass-eigenstate fields using Eqs. (17, 18) to find 

gWi^ - ~g Wi^ = f 72^72 ) ^/^ - 5 Z'^ , (A22) 

up to corrections of 0{x^). Note that the combination gWo — gW\ is orthogonal to the photon; therefore, as must be 
true by charge conservation, there are no flavor-changing electromagnetic couplings. 

The flavor-dependent left-handed neutral-boson couplings of the leptons are, then, given by 

Cfcnc = ±\- (/ffyf ) ^'^ - -9^''^) • ^^^^^^^^ ' (^23) 

Due to suppression proportional to lepton masses, the right-handed flavor-dependent couplings are expected to be 
small. In contrast to the case of meson- mixing (considered below), in the lepton sector we are interested in low-energy 
processes arising from only one insertion of the flavor-dependent operators. Hence, only the couplings in Eq. 
(A23) contribute: the Z' couplings to light fermions are suppressed. At low energies, the flavor-dependent Z-boson 
couplings give rise to the four-fermion operators 

Z •'2/ 

=2^/2GF ■ rtuj [jJ^J^ ^Tl7/°l • J'^z + h-c , (A25) 



In particular, the matrix 77 does not change under SU{3)ld x SU{3)iid transformations. 
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where = J!^ — sin^ 9 is the usual current to which the Z-boson couples. 

We begin with limits arising from searches for the decay /j. — )■ 3e, where BRdi" — )• e~e+e~) < 1.0 x 10^^^ at 90% 
CL [42]. This is easy to scale from ordinary muon decay, where the interaction 

jC^^-decay = 2^20^ (/iL7^J.L^) (j^LeT^Ci) (A26) 

yields the width 

r(M ^ eu,9,) = ^ . (A27) 



Hence, since BR{ii — ev^Ve) — 100%, from Eq. (A25) wc find 



14 



BR{^ 3e) _ 1 

This yields the bound 



2 



< 1.0 X 10"^^ . (A28) 



h«2|< 1.05 X 10-5 (^^^^^) (90% CL) 1.3 X 10-4(el''-')2 (^^^^g^) . (A29) 

A quantitatively similar boTind on this matrix clement is found from data on /i Pb — > e Pb conversion. 
By similar means, starting from the bound BR{t e/i/i) < 2.3 x 10^*^ at 90% CL, we find 



BR{t e4ifi) 



BR{t eVrVe) 

Using the fact that BR{t — ^ e^-ri^e) — 18%, we then obtain 



2 



2.3 X 10 



-8 



< '-, ^ • (A30) 

BR{t eUrVe) 



< 2.7 X 10-3 i^-^f) (90^° CL) ^ 3.4 x lQ-\e'i'^«'f (^^^^f^)' . (A31) 
And, mutatis, mutandis, the bound BR{t fiee) < 2.7 x IQ-^ at 90% CL yields 

< 2.9 X 10-3 (^^^) (90% CL) :^ 3.6 x lQ-\ef^^' f (^^\ ■ (A32) 



2 

c. Lepton Summary 

Combining the 90% CL bounds on the lepton flavor structure, therefore we flnd that the deviations in the elements 
of the matrix % from ideal are bounded by: 

/ M \ 2 / '^■^^^ 0.00013 0.034 \ 

|^^_(^»Zea^)2.^| < (^«^ea^)2 w' \ 0.00013 0.075 0.036 (A33) 

V4UU(^eV/ ^ QQ34 QQ3g Q J 

and ri£ is therefore essentially constrained to be proportional to the identity, with diagonal elements equal to (e^*^"')^. 

3. The Quark Sector 

In this section we study the left-handed quark delocalization matrix rj = (e^ei,), introduced in Eq. (59). Using 
data on flavor-changing neutral currents and Z decays to heavy quarks, we set bounds on the degree to which ry can 
deviate from {ef^»if ■ J. 



Here the factor of i accounts for the identical particles in the — > 3e final state. 
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a. Flavor- Changing Neutral Currents 



We begin with the most severely constrainted interactions: the flavor-changing left-handed neutral-boson couplings 

contained in the second line of equation (36). Retracing the analysis of Icpton- flavor- violation above shows that, at 
low energies, Z and Z' exchange (see Eq. (A22)) between quarks gives rise to four-fermion operators of the form 



1 /l^' 



Cl-FCNC ^ =^ ^ ' ( o ) "^ij'HM 



44 \ft + fiJ M- Mi, 



(9l7VJ(gi7/.9i) , (A34) 



here the first factor (1/2!) accounts for the two identical currents and the next ((1/2)^) accounts for the T3 charges 
of the external fermions. Using the masses of Eq. (9) and the relation in Eq. (6), we find the term in square brackets 
is approximately 4//f so that 

Cl-FCNC ^ ± '^{qirqmh,li) ■ (A35) 

Ref. [43] has derived constraints on a variety of /S.F = 2 four-fca'mion operators that cause neutral meson mixing. 
We will start with their limits on the coefficients (C'j) of the operators responsible for mixing in the Kaon, Bd, and 
Bg systems: 

C],{sLl''dL){sLl^dL) Ci^ihrdLXbLl^^dL) Ci^{bLrsL){bL-/^SL). (A36) 

The numerical values of the limits they obtain in the down-quark sector in the Cj correspond, in the notation of Eq. 
(A35), to the constraints 

-(4.82 X 10-^)2 < 3?(r,,rf)2 (^^^ < (4.82 x 10-^)^ (A37) 
-(3.26 X 10-5)2 < 9(r?,d)2 (^^^ < (2.60 x lO-^)^ (A38) 
\Vbd\' (^) < (2.3 X 10-3)2 (A39) 
2 



or, in a more convenient notation, to 



1%.!' [jy) < (1-63 X 10-2)2 (A40) 



< 4.8 X 10-^ ^-^ j = 0.0060 (.-r ) [j^ j (A41) 

< X 10-3 (A-) = 0.0285(.-)^ (^)^ (f ) (A42) 



i-i < ^ {wv ) = ^^^^ ) J ^^^'^ 

In the three-site model, we expect the eigenvalues of the matrix rj to be of order (e^^"')-^. Hence, with the possible 
exception of r}bs, the data requires that the matrix r} be nearly diagonal in the down-quark mass-eigenstate basis. 

At this point, recalling that M.u = V(t^J^^A„, we also note that there is a low-energy operator that can cause 
D- meson mixing. This is 

C},{CLrUL){cLl^UL) , (A44) 

with 

ch = ±iL{Vud vM + Vus m2VZ + K6 vs^v^^f , (A45) 

where the Vij are the elements of the CKM matrix. The authors of [43] report a limit 

|Cl,| < 7.2 X 10-^3 GeV-2 , (A46) 
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from which we conclude 

\Vud miV:^ + Vus + Vub r?33K;i' < (4-17 X 10-^)^ (^^) . (A47) 

Now, the product of CKM elements appearing in the third term IVubVj^l ~ 0(10"^) is much smaller than those in 
the other two terms VudV*^ « —VugV*^ « .16. Therefore, barring a very large difference among the diagonal entries 
of 7], we may neglect the 7733 term in Eq. (A47) and find 

l,„ -»1 < 2M X 10-» (-1) = 0.0323(.f"V [^)' (f ) (A48) 

Since we anticipate that each of the riu is of order (e^*^"')^, we conclude that rjn « 7722- 

This result is consistent with precision electroweak data: r]n and 7722 respectively, determine the delocalization of 
the first- and second-generation left-handed quarks. Their having different values is disfavored because that woiild 
change the relative rates at which the Z decays to up vs. charm or down vs. strange quarks. Similarly, 7733 controls 
the delocalization of 6^ - and, as discussed below, data on and Rc constrains how much this can differ from 7711^22- 

These are the strongest limits available from flavor-changing processes in the quark sector. Bounds on flavor- 
changing decays in the third generation up-quark sector are rather weak: current limits imply only that Br{t — > cZ) < 
3.7% [42], which provides no new information on the elements of rj. While the Bg or Z)° systems are, respectively, the 
most promising for eventual limits on right-handed FCNC's in the down and up sectors, no limits presently exist. 



Z-Pole Constraints on Rh and Rc 



The LEPEWWG has obtained bounds on the relative rates at which the Z decays to heavy quarks, as compared 
with decays to all hadrons [40] : 



r{z^ hb) 

T{Z — >■ hadrons) 

T{Z cc) 
T{Z hadrons) 



Rb = 0.21629 ± 0.00066 
Rr = 0.1721 ± 0.0030 , 



(A49) 
(A50) 



and gives the, respective, standard model predictions for these quantities as 0.21583to!ooo45 ^^'^ ^■^'^'^'^^-omoit- 
These ratios are useful to work with because QCD corrections, manifesting as dependence on the value of as, should 
largely cancel. 

Because the data from D-meson mixing has already established that 7722 = ?7ii, both R^ and Rc may be written as 
linear combinations of just the two diagonal matrix elements 7733 and 7722: 



S{Rb) 


STb 




Rb 




^hadr. 


S{Rc) 




STfiadr. 


Rc 




^ hadr. 



(-0.8924 (7733 - (£l*'^')2) + 0.0910 (r/22 - (e^ 
(0.2512 (7733 - {ef^'"')^) + 1.297 (7722 - {sf'"')^)) 



2/1 



fl + f: 

■2 
2 



Solving the coupled equations for the two rju — (g^'^"')^ yields the limits 



-0.093 (sf^^^)^ 
-0.30 (£«'««')2 



/ Mm 



V400 GeV 

Mw 
400 GeV 



< 7733 - (^r"')' < 0.020 (e^" 



^ideal\2 



Mv 



< V22 - (e5f^«')^ < 0.30 )2 



400 GeV 

Mw 
400 GeV 



(A51) 
(A52) 

(A53) 
(A54) 



In principle, one could try to extract limits on jjas from the product RbRe, because the fractional change would depend only on 7733 and 
r]eu, and the latter is already tightly constrained to have the value (e^*^"')^. However, the usefulness of this approa<;h is limited by the 
fact that the standard model prediction of R( is subject to significant uncertainty through its dependence on as- 
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while rotating (A51) and (A52) into the 7/33 ± 7722 basis says, equivalently: 

Wc conclude that 7733 is constrained at 90% CL to lie within a few percent of the ideal delocalization value, while 
7722 (and 7711) must lie within about 30% of the ideal delocalization value and within about 45% of 7733. The limit on 
7722 is consistent with what the LEPEWWG data on pc implies; the limit on 7733 surpasses that obtained from p^. 



c. Summary 

Combining the 90% CL bounds for the rju obtained in this section, we find that deviations in the elements of the 
matrix 77 from ideal delocalization are bounded by: 



0.30 0.0060^ 0.0285^ \ 

I _ (^uiea(-)^ . j| - ^^ideal^2 I ] I 0.0060^ 0.30 ' 0.202^ 

' ^ ' ' ^ ^ ' \ 400 CeV /I tk _ /i 

0.0285^^ 0.202^ 0.09 / 



(A56) 



subject to the constraints on 7722 — 7711 and 7/33 — 7722 noted above. The factors of ^/2v/fi in the off-diagonal elements 
reflect the fact that those boiinds arise from joint Z and Z' contributions to AF ~ 2 meson mixing processes; the 
constraints on the diagonal elements, like all the elements of 77^, come from decay processes involving only Z couplings. 
We conclude that the flavor matrix 77 for quarks must be nearly proportional to the identity matrix. 
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